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Abstract: Christine Weber, 2009 Institute for Food Safety and Hygiene, Vetsuisse Faculty University of
Zurich Contact: Institute for Food Safety and Hygiene (Secretariat), ils@fsafety.uzh.ch, Tel. +41-44-
635-8651 The current ISO standard method for detection of Enterobacteriaceae (21528-1:2004) includes
enrichment in EE broth, which has been shown to be inhibitory to some members of this family, no-
tably Cronobacter spp. A shortened procedure omitting the EE broth has been proposed, however
competition from Gram-positive flora may be detrimental to the effective recovery of low levels of target
organisms in some sample matrices. In this study we investigated novel cost effective modifications,
designed to improve ISO 21528-1:2004 for the detection of Enterobacteriaceae. Initial experiments used
a worse-case scenario involving stressed Enterobacteriaceae strains known to grow poorly in laboratory
media as well as representative background competitors from powdered milk. The interaction between
the Enterobacteriaceae and their competitors was characterised and additives to enhance the growth of
target strains over non-target strains were investigated. Supplementation of BPW with 40 µM 8 hydrox-
yquinoline, 0.5g L-1 ammonium iron(III) citrate, 0.1 g L-1 sodium deoxycholate and 0.1g L-1 sodium
pyruvate (BPW-S) improved the recovery of Enterobacteriaceae from artificially and naturally contam-
inated samples. This improvement of the pre-enrichment broth may also be of interest for methods
designed to detect specific foodborne pathogens belonging to the Enterobacteriaceae (e.g. Salmonella
spp., Cronobacter spp.) that require a pre-enrichment step in BPW. Verbesserung des Anreicherungsver-
fahrens für den achweis von Enterobacteriaceae Christine Weber, 2009 Institut für Lebensmittelsicherheit
und -hygiene, Vetsuisse-Fakultät Universität Zürich Kontakt: Institut für Lebensmittelsicherheit und –
hygiene (Sekretariat), ils@fsafety.uzh.ch, Tel. +41-44-635-8651 Die aktuelle ISO-Standard-Methode für
den Nachweis von Enterobacteriaceae (21528- 1:2004) umfasst neben einem ersten Anreicherungsschritt
in gepuffertem Peptonwasser (BPW) auch einen Zweitanreicherungsschritt in EE-Bouillon, der jedoch
für gewisse Vertreter der Enterobacteriaceae (z.B. Stämme aus dem Genus Cronobacter) wachstumshem-
mend wirkt. Ein verkürztes Verfahren ohne EE-Bouillon wurde kürzlich vorgeschlagen. Es hat sich
allerdings gezeigt, dass sich dabei eine hohe Konkurrenzflora an Gram-positiven Keimen, die in gewissen
Lebensmittelmatrices als Hintergrundflora vorkommt, nachteilig auf die Anreicherung der Zielorganismen
auswirken kann. Im Rahmen dieser Studie wurde nun eine eigene, kostengünstige Modifikation des Er-
stanreicherungsmediums zur Verbesserung des Nachweises von Enterobacteriaceae im Vergleich zur ISO
21528-1:2004 validiert. Die Supplementierung des Erstanreicherungsmediums mit 40 µM 8 Hydroxychi-
nolin, 0,5 g L-1 Ammonium-Eisen (III)- Citrat, 0,1 g L-1-Natrium deoxycholate und 0,1 g Natrium-L-1
Pyruvat (BPW-S) verbesserte die Nachweisrate von Enterobacteriaceae sowohl aus gespikten Proben wie
auch aus Feldproben deutlich. Diese Modifikation des Erstanreicherungsmediums (gepuffertes Petpon-
wasser) hat nicht nur eine Bedeutung für den Nachweis der Enterobaceriaceae, sondern insbesondere auch
für den spezifischen Nachweis von pathogenen Vertretern (z.B. Salmonella spp, Cronobacter spp.) aus
der Familie der Enterobacteriaceae.
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a b s t r a c t
The current ISO standard method for detection of Enterobacteriaceae (21528-1:2004) includes enrich-
ment in EE broth which has been shown to be inhibitory to some members of this family, notably
Cronobacter spp. A shortened procedure omitting the EE broth has been proposed, however competition
from Gram-positive ﬂora may be detrimental to the effective recovery of low levels of target organisms in
some sample matrices. In this study we investigated novel cost effective modiﬁcations, designed to
improve ISO 21528-1:2004 for the detection of Enterobacteriaceae. Initial experiments used a worse-case
scenario involving stressed Enterobacteriaceae strains known to grow poorly in laboratory media as
well as representative background competitors from powdered milk. The interaction between the
Enterobacteriaceae and their competitors was characterised and additives to enhance the growth of
target strains over non-target strains were investigated.
Supplementation of BPW with 40 mM 8-hydroxyquinoline, 0.5 g L1 ammonium iron(III) citrate, 0.1 g L1
sodium deoxycholate and 0.1 g L1 sodium pyruvate (BPW-S) improved the recovery of Enterobacteriaceae
from artiﬁcially and naturally contaminated samples. This improvement of the pre-enrichment brothmay
also be of interest for methods designed to detect speciﬁc foodborne pathogens belonging to the Enter-
obacteriaceae (e.g. Salmonella spp., Cronobacter spp.) that require a pre-enrichment step in BPW.
 2009 Elsevier Ltd. All rights reserved.
1. Introduction
The family Enterobacteriaceae are useful indicators for veriﬁca-
tion of hygiene processes in food production facilities (Anon., 2005).
The current ISO standard method 21528-1:2004 (Anon., 2004)
comprises pre-enrichment in buffered peptone water (BPW),
followed by enrichment in Enterobacteriaceae enrichment (EE)
broth, which is then streaked on violet red bile glucose (VRBG) agar.
Typical colonies on VRBG are conﬁrmed as Enterobacteriaceae based
on negative oxidase activity and positive glucose fermentation.
It has been reported that some potentially pathogenic strains of
Enterobacteriaceae do not grow well in EE broth (Gurtler and
Beuchat, 2005; Iversen and Forsythe, 2007; Joosten et al., 2008).
This challenges the reliability of the results obtained with the
current ISO standard as an indicator of poor hygiene, inadequate
processing or post-process contamination of foods.
A revision to the ISO standard method (21528-1:2004) has been
proposed in which the selective enrichment in EE broth is omitted
and samples pre-enriched in BPW are directly plated on VRBG agar
(Joosten et al., 2008). This method has been shown to give
comparable results to ISO 21528-1:2004 and also reduces the test
time facilitating quicker release of product. Removal of the selective
enrichment in EE broth means that any non-Enterobacteriaceae
present in the sample that are able to grow in BPW during
pre-enrichment may compete with the Enterobacteriaceae reducing
the numbers of target colonies that are transferred onto the VRBG
agar. This may be a consideration for matrices that are likely to
contain low numbers of stressed Enterobacteriaceae and relatively
high numbers of thermoduric spores, such as powdered milk and
infant formulae (Murphy et al., 1999).
Bacillus spp. are a genera of Gram-positive rods that produce
endospores as a dormant state allowing them to deal with extreme
conditions such as high temperatures and desiccation (Nicholson
et al., 2000; Huck et al., 2008). The ability to survive these condi-
tions means that Bacillus spp. are frequently found as members of
themicroﬂora of powders (Gabis et al., 1970; Anderton,1986; Antai,
1988; Crielly et al., 1994; Kunene et al., 1999; Rueckert et al., 2005;
Ronimus et al., 2006; Reyes et al., 2007). Additionally, some Bacillus
spp. produce antimicrobial molecules that are active against
Gram-negative organisms such as polymyxin and colistin (Katz and
Demain, 1977; He et al., 2007). It has been shown that for some
* Corresponding author. Tel.: þ41 44 635 86 51; fax: þ41 44 635 89 08.
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samples, such as powdered infant formula, addition of vancomycin
to inhibit Gram-positive microﬂora during the pre-enrichment
resulted in a trend for increased recovery of Enterobacteriaceae
(Joosten et al., 2007). Vancomycin is heat labile and is an expensive
additive given the volumes of pre-enrichment media used. Also
concern has been expressed in relation to the possible spread of
vancomycin resistance genes (Willems et al., 2005). The compounds
8-hydroxyquinoline and sodium deoxycholate are heat stable and
economically viable as possible alternatives to vancomycin. Sodium
deoxycholate is a water soluble anionic detergent that is found in
the intestine of higher animals (Haselwood, 1967). It is the selective
agent in bile salts (Stacey andWebb, 1947; D’Mello and Yotis, 1987)
and has been used as an antimicrobial agent in culture media for
more than 100 years (MacConkey, 1905). The monoprotic bidentate
chelating agent 8-hydroxyquinoline has been used in topical oint-
ments (Tanzer et al., 1978) and as a potential anti-plaque agent in
dental washes (Depalma et al.,1975; Tanzer et al.,1978). The activity
of 8-hydroxyquinoline against Gram-positive organisms has been
reported to be 10–100 fold higher than against Gram-negative
organisms (Albert et al., 1947).
This study investigates novel cost effective modiﬁcations,
designed to improve ISO 21528-1:2004 for the detection of Enter-
obacteriaceae. Initial experiments used a worse-case scenario
involving stressed Enterobacteriaceae strains known to grow poorly
in laboratorymedia and representative Bacillus spp. frompowdered
milk. The interaction between the Enterobacteriaceae and their
competitors was characterised and additives to enhance the growth
of target strains over non-target strains were investigated.
2. Methods
2.1. Bacterial isolates used in this study
The strains used in this study were obtained from the culture
collections at Nestle´ Research Centre, Lausanne, Switzerland; the
Institute for Food Hygiene and Safety, University of Zurich,
Switzerland; the Centre for Food Safety, University College Dublin,
Ireland and Oxoid Ltd., Thermo Fisher Scientiﬁc, Basingstoke, UK
(Table 1). The Enterobacteriaceae strains chosen for the study
included 9 strains that had been previously found to be particularly
sensitive to selective agents used in microbiological growth media
(Joosten et al., 2008). Non-target competitors included 11 strains of
Gram-positive cocci and three Bacillus strains from the Nestle´
Research Centre culture collection chosen to cover a variety of
species, as well as 11 primary isolates of Gram-positive rods
obtained from commercially available milk powders (2.2; Table 1).
2.2. Isolation and identiﬁcation of Gram-positive background
ﬂora from powdered milk products
To provide representative background competitors, 25 g each of
15 different brands of infant formula and 1 skimmed milk powder
were pre-enriched overnight at 37 C in 225 ml BPW (Oxoid, UK).
After pre-enrichment, samples were streaked (10 ml) onto tryptone
soya agar (TSA) and incubated overnight at 37 C. Recovered
Gram-positive strains were further characterised using API 50
CHB test galleries (bioMe´rieux, France) and by 16S rRNA gene
sequencing (Fasteris SA, Switzerland).
2.3. Inhibitory interactions between Gram-positive strains and
Enterobacteriaceae
Inhibitory interactions between the isolated Gram-positive
strains and Enterobacteriaceae strains were investigated using
deferred-direct cross-streaking assays on TSA and infant formula
milk agar (IFMA, comprising 200 ml infant formula, 0.4 g ammo-
nium sulphate, 3 g agar and 40 ml distilled water). Gram-positive
strains were streaked as single lines across agar plates using a swab
and incubated overnight at 30 C. The visible growth was removed
using a sterile spatula or swab and, to suppress remaining viability
of the Gram-positive organisms, the plates were treated with
exposure to UV (60 min at 8 mWcm2, i.e. 2880 Jm2) and/or
chloroform applied directly the agar surface (5 ml per plate) for
10 min before evaporation in a fume hood. The Enterobacteriaceae
strains were then streaked as single lines at 90 to the previous
Gram-positive growth, the plates were incubated overnight and the
growth of the Enterobacteriaceae observed. Growth inhibition
around the junctions of the bacterial streaks indicated the possible
Table 1
Strains used in this study.
Strain Identiﬁcation Origin
Gram-positive rods
Bc1 Bacillus ﬂexus Infant formulaa
Bc3 Bacillus thuringiensis Infant formulaa
Bc5 no type strain match Infant formulaa
Bc7 no type strain match Infant formulaa
Bc9 no type strain match Infant formulaa
Bc11 no type strain match Infant formulaa
Bc12a Bacillus subtilis Infant formulaa
Bc12b no type strain match Infant formulaa
Bc13 Bacillus subtilis Infant formulaa
Bc14 Bacillus velezensis Infant formulaa
BcHP no type strain match Milk powdera
B44 Bacillus cereus ATCC 33019 Infant formula
B152 Bacillus subtilis Condensed milk
B162 Bacillus mycoides Milk
Gram-positive cocci
STA108 Staphylococcus aureus Unknown
STA201 Staphylococcus auricularis ATCC 33753 Ear
STA209 Staphylococcus sciuri DSM 20345 Squirrel skin
STA241 Staphylococcus saprophyticus DSM 20229 Urine
STA242 Staphylococcus cohnii DSM 20260 Human skin
STA247 Staphylococcus saprophyticus Unknown
STA313 Staphylococcus epidermidis ATCC 9491 Unknown
STR45 Enterococcus faecalis Unknown
STR48 Enterococcus faecium Unknown
STR70 Enterococcus durans Unknown
STR73 Streptococcus agalactiae ATCC49446 Neonatal sepsis
Enterobacteriaceae
LMG 23827T Cronobacter turicensis Neonatal meningitisb
LMG 23823T Cronobacter dublinensis Factory environmentc
E532 Cronobacter malonaticus Clinical isolate
E539 Cronobacter sakazakii Clinical isolate
E540 Cronobacter sakazakii Clinical isolate
ATCC 29544T Cronobacter sakazakii Child’s throat
ATCC 12868 Cronobacter sakazakii Unknown
ATCC 51329T Cronobacter muytjensii Unknown
E604 Cronobacter sakazakii Clinical isolate
E617 Enterobacter amnigenus Food
E632 Cronobacter sakazakii Infant food
E655 Cronobacter sakazakii Clinical isolate
E770 Cronobacter sakazakii Milk powder
NCTC 9529 Cronobacter genomosp. 1 Water
LMG 23826T Cronobacter malonaticus CDC-1058-77 Clinical isolate
E827 Cronobacter sakazakii CDC 407-77 Clinical isolate
E934 Cronobacter sakazakii Rice ﬂour
OCC 118 Enterobacter cloacae Unknownd
OCC 2758 Citrobacter sp. Unknownd
a Primary isolates from powdered milk and formula.
b From the culture collection at the Institute for Food Hygiene and Safety,
University of Zurich, Switzerland.
c From the culture collection at the Centre for Food Safety, University College
Dublin, Ireland.
d From the culture collection at Oxoid Ltd., Thermo Fisher Scientiﬁc, Basingstoke,
UK; all other isolates were obtained from the culture collection at Nestle´ Research
Centre, Lausanne, Switzerland.
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presence of inhibitory compounds produced by prior growth of
Gram-positive organisms. Growth of Enterobacteriaceae on the area
of TSA and IFMA that had no previous growth of Gram-positive
strains acted as an internal control for each plate indicating that any
observed inhibition was not due to residual chloroform. Addition-
ally, cell-free supernatants from strains BcHP, Bc14, ATCC 29544T
and E632 (Table 1) grown overnight in brain heart infusion (BHI,
Oxoid, UK) were two-fold serially diluted and the ability to
suppress growth of competing strains assessed by measuring the
time-to-detection (TTD) in a Bioscreen C (Thermoﬁsher, UK).
2.4. Comparing growth rate in skimmed milk and infant formula
The growth rate in UHT skimmed milk (Migros) and UHT infant
formula (HiPP) of two Cronobacter sakazakii strains (ATCC 29544T
and E632) was determined in both pure culture and in the presence
of Gram-positive competitors. For each media sterile ready-to-use
brands were used of which 250 ml was inoculated with 0.1 ml of
approximately 1105 CFUml1 of the test strain(s) grown over-
night in BHI and diluted in 0.9% saline. The inoculated sampleswere
incubated at 37 C and 100 ml aliquots removed every hour over
a period of 24 h. At each time point the sample was decimally
diluted in 0.9% saline to 108 and plate counts performed using the
Miles and Misra method (Miles et al., 1938). Plate count agar (PCA,
Oxoid, UK) was used to count the Gram-positive species, which
were morphologically distinguishable from the Enterobacteriaceae,
and TSA containing 10 mg L1 vancomycin hydrochloride (TSA-V)
to inhibit growth of Gram-positive strains was used to count the
Enterobacteriaceae.
2.5. Heat stability of vancomycin hydrochloride
The effect of heat on the activity of vancomycin hydrochloride
was investigated using two-fold serial dilutions in BPW. Initially
separate preparations of BPW containing 0.04 g L1 vancomycin
were: i) autoclaved at 121 C for 15 min, ii) autoclaved at 115 C for
15 min and iii) heated at 100 C for 30 min. Additionally, ﬁlter-
sterilised vancomycin (ﬁnal concentration of 0.04 g L1) was added
to BPW which had been previously autoclaved at 121 C for 15 min.
The BPW-vancomycin preparations were serially diluted in 96-well
microtitre plates (100 ml per well) and 100 ml of approximately
1105 CFUml1 of the test strains (Table 1), which had been grown
overnight in BHI and decimally diluted in BPW, were added. The
ﬁnal concentrations of vancomycin ranged from 0.02 g L1 to
0.0003 g L1. The optical density (OD600nm) of the wells was read at
0 h and after incubation for 24 h at 37 C using a Sunrise micro-
plate reader (Tecan Group Ltd., Switzerland). The percentage change
in OD600nm was plotted against vancomycin concentration and the
relative activity of the BPW-vancomycin preparations compared.
2.6. Optimization of pre-enrichment medium: inhibition of
Gram-positive organisms
Alternative antimicrobial agents were assessed in comparison to
vancomycin. BPW supplemented with sodium deoxycholate was
prepared by adding 1.0 g L1 sodium deoxycholate (Sigma) to BPW
prior to autoclaving at 121 C for 15 min. The BPW-sodium deox-
ycholate was then diluted to give ﬁnal concentrations of 0.05, 0.1,
0.2, 0.25, 0.3, 0.4 and 0.5 g L1 sodium deoxycholate after 100 ml of
2 dilution was dispensed into the wells of one row in the 96-well
plate and inoculated with 100 ml of culture as above.
BPW supplemented with 8-hydroxyquinoline was prepared by
adding 100 mM 8-hydroxyquinoline (Sigma) to BPW prior to
autoclaving at 121 C for 15 min. The BPW-8-hydroxyquinoline was
then diluted and inoculated as above to give ﬁnal concentrations of
10, 20, 30, 40, 50, 60, 70, 80, 90,100 and 200 mM8-hydroxyquinoline
in the wells.
The OD600nm of the plates was read at 0 h and 24 h as above.
Inhibition of strains was compared by determining the concentra-
tions that resulted in a reduction of greater than 50% of the ﬁnal
OD600nm.
2.7. Optimization of pre-enrichment medium: addition of
ammonium iron(III) citrate and pyruvate
Aliquots of UHT skimmed milk (10 ml) were either supple-
mented with ammonium iron(III) citrate (0.5 g L1) or sodium
pyruvate (0.1 g L1). The preparations were then inoculated with
C. sakazakii strain ATCC 29544T or E632 with and without Bc14 and
BcHP. The samples were incubated at 37 C for 24 h and 100 ml
aliquots removed at 0 and 24 h. At each time point the sampleswere
decimally diluted in 0.9% saline to 108 and plate counts performed.
The Gram-positive species were counted on TSA and the Enter-
obacteriaceae were counted on TSA-V.
2.8. Optimization of pre-enrichment medium: efﬁcacy of
8-hydroxyquinoline in milk with and without ammonium
iron(III) citrate
Aliquots (10 ml) of UHT skimmed milk and infant formula were
supplemented with 8-hydroxyquinoline to ﬁnal concentrations of
0, 40, 60 and 100 mM both with and without ammonium iron(III)
citrate (0.5 g L1). The preparations were then inoculated with
either C. sakazakii strains ATCC 29544T, E632, or E539, or with
Bacillus strain Bc14. The samples were incubated at 37 C for 24 h
and 100 ml aliquots removed at 0 and 24 h. At each time point the
samples were decimally diluted in 0.9% saline to 108 and plate
counts performed. The Bc14 strain was counted on TSA and the
Cronobacter were counted on TSA-V.
2.9. Optimization of pre-enrichment medium:
recovery of desiccated cells
Ten Gram-positive isolates (Bc1, Bc12a, Bc13, Bc14, BcHP, STA209,
STA241, STA247, STR45 and STR70) and six Enterobacteriaceae strains
(E539, ATCC 29544T, E604, E617, E632 and E827) were grown over-
night in BPW at 37 C. For each strain aliquots of 10 ml (approxi-
mately 107 CFU) were placed into wells of Bioscreen C plates (n¼ 5
for each rehydration broth). The plates were dried for 4 h in a sterile
cabinet and then stored for one week in the dark in a sealed box
containing Drierite (Sigma) to standardize the relative humidity.
The dried cellswere rehydratedwith 400 ml perwell of the following
media: 1) BPW; 2) BPW plus 40 mM 8-hydroxyquinoline; 3) BPW
plus 0.1 g L1 sodium deoxycholate; 4) BPW plus 10 mg L1 vanco-
mycin; 5) BPW plus 40 mM 8-hydroxyquinoline plus 0.5 g L1
ammonium iron(III) citrate; 6) BPW plus 40 mM 8-hydroxyquinoline
plus 0.1 g L1 sodium deoxycholate; 7) BPW plus 40 mM 8-hydrox-
yquinoline plus 0.5 g L1 ammonium iron(III) citrate plus 0.1 g L1
sodium deoxycholate; 8) BPW plus 40 mM 8-hydroxyquinoline plus
0.5 g L1 ammonium iron(III) citrate plus 0.1 g L1 sodium deoxy-
cholate plus 0.1 g L1 sodium pyruvate; 9) BPW plus 0.5 g L1
ammonium iron(III) citrate; 10) BPWplus 0.1 g L1 sodiumpyruvate.
Immediately after rehydration the OD600nm of the wells was read
every 15 min over 24 h using the Bioscreen C. The overall change in
OD was calculated as the maximum OD600nm reading minus the
initial background OD600nm reading. The time-to-detection (TTD)
was calculated as the time taken for the OD600nm to increase to
a value greater than twice that of the initial background OD600nm
reading. The relative performance of the rehydration broths was
calculated as DOD600nm/TTD.
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Additionally, the relative recovery of strains desiccated in milk
using different pre-enrichment broths was compared. Gram-positive
strains and Enterobacteriaceae strains (Table 1)were grownovernight
in BHI, 10 ml of the cultures were centrifuged at 10 000 g for 10 min
and the supernatant discarded. The cell pellet was resuspended in
1 ml of sterile UHT infant formula and the cell suspension diluted in
infant formula to give concentrations of approximately 11010 to
1100 CFUml1. A 10 ml aliquot of each dilution was dispensed into
the 8 wells of individual columns in a 96-well microtitre plate. The
plates were dried for 4 h in a sterile cabinet then stored for 2 months
in the dark in a sealed box containing Drierite (Sigma). The dried
cells were rehydrated with 200 ml per well of media as described
above in preparations 1–8. The plates were incubated overnight at
37 C and, using a 96-pin replicator, approximately 1–3 ml were
transferred to a 96-well plate containing 200 ml indicator medium
(comprising TSA with 0.04 g L1 bromocresol purple and 10 g L1
glucose). The indicator plates were incubated at 37 C overnight and
the number of wells in each column positive for growth and glucose
fermentation was recorded. Adjusting appropriately for the dilution
factors, the MPN was calculated using the Bacteriological Analytical
Manual Online MPN tables (available at http://www.cfsan.fda.gov/
webam/bam-a2.html; accessed 19-10-2008).
2.10. Comparison of methods for recovery of Enterobacteriaceae
from artiﬁcially inoculated samples
The optimum modiﬁed BPW supplemented with 40 mM
8-hydroxyquinoline, 0.5 g L1 ammonium iron(III) citrate, 0.1 g L1
sodium deoxycholate and 0.1 g L1 sodium pyruvate (BPW-S) was
chosen based on the rehydration experiments above. This was then
compared to ISO 21528-1:2004 with and without EE broth as well as
to rehydrationwith BPWcontaining 10 mg L1 vancomycin (BPW-V).
To prepare the artiﬁcial inoculum, skimmed milk from a local
commercial retailer was concentrated to 29% solids using a climbing
ﬁlm evaporator drawing a 0.95 bar vacuum. Microbial cultures of
the following Enterobacteriaceae strains (LMG 23827T, LMG 23823T,
ATCC 29544T, ATCC 12868, ATCC 51329T, E604, E632, NCTC 9529,
LMG 23826T, E934, OCC 118 andOCC 2758)were grown overnight at
37 C in Nutrient broth No. 2 (Thermo Fisher Scientiﬁc, UK). The
microbial cultures were inoculated into separate 400 ml aliquots of
the evaporated milk at a ratio of 1:100, to give a ﬁnal concentration
of approximately 1103 CFU/ml. The solutions were then spray
dried using a Lab-Plant SD-04 (Lab-Plant Ltd., UK.) with the outlet
temperature set at 150 C. The spray-drier was decontaminated
between each organism using a 1% sodium hydroxide solution and
the cleaning was validated by swabbing the equipment and
observing for growth on TSA and DFI agar plates after overnight
incubation. The concentration of Enterobacteriaceae in the spray-
dried powders was determined using an MPN method which
involved the rehydration of triplicate 10 g, 1 g and 0.1 g aliquots in
BPWand incubation overnight at 37 C. The BPWwas sampled with
a 10 ml loop and streaked on to DFI agar. The inoculation powders
were diluted by mixing with commercial powdered milk to give
approximately 1 CFU/g of spray-dried Enterobacteriaceae.
Test samples were prepared using 5–10 g aliquots of the inoc-
ulation powder samples made up to 25 g using skimmed milk
powder. Triplicate 25 g aliquots were subsequently rehydrated
using 225 ml of BPW, BPW-V, and BPW-S. All the rehydrated
samples were incubated at 37 C for 18 2 h after which plate
counts were performed on VRBGA and TSA-V. Also, 1 ml of the BPW
rehydrated samples was transferred to 10 ml EE broth and incu-
bated at 37 C for 24 2 h before plate counts on VRBGA and TSA-V.
The plate count media was incubated at 37 C for 24 2 h and the
colonies identiﬁed as Enterobacteriaceae based on the oxidase test
and fermentation of glucose.
2.11. Comparison of methods for recovery of Enterobacteriaceae
from naturally contaminated samples
Ninety-seven different food and environmental matrices were
obtained from three different companies. These comprised 29
infant formula products; 5 infant foods; 3 confectionary products;
13 ﬂour/starch/semolina/grain samples; 4 milk proteins; 9 sugar/
syrup samples; 4 cocoa powders; 5 malt drinks; 4 vegetable
powders; 2 fruit powders; 1 roasted nut sample; 1 vanilla ﬂavouring
sample; 2 vitamin/mineral mixes; and 15 environmental samples
from production facilities. The samples were divided into 6 25 g
aliquots; three aliquots were diluted 1:10 in BPW and three were
diluted 1:10 in BPW-S. The rehydrated samples were incubated at
37 C for 18 2 h and plate counts performed on PCA and VRBGA to
detect Gram-positive background ﬂora and Enterobacteriaceae
respectively. Also, 1 ml of the BPW rehydrated samples was trans-
ferred to 10 ml EE broth, incubated at 37 C for 24 2 h and plate
counts performed. In all cases, the plate count mediawas incubated
at 37 C for 24 2 h and the colonies identiﬁed as Enter-
obacteriaceae based on the oxidase test and fermentation of glucose.
Each sample was tested in triplicate using all three methods.
3. Results
3.1. The inﬂuence of Gram-positive background ﬂora on the
growth of Enterobacteriaceae
A total of 11 Bacillus strains were isolated from the milk powder
and infant formula samples. The identiﬁcation results are given in
Table 1. The cross-streaking assays on TSA and IFMA indicated that
prior growth of strain Bc14 was inhibitory to the growth of some
Enterobacteriaceae, particularly E632, whereas the prior growth of
BcHPwas not. In the Bioscreen C assays using cell-free supernatants
the TTD for E632 was 7.25 h in BPWwith and without the presence
of BcHP ﬁltrate, however the TTD increased to 10.5 h in the pres-
ence of Bc14 ﬁltrate. The TTD for ATCC 29544T was 5 h in all
experiments (data not shown).
The growth rate of C. sakazakii strain ATCC 29544T was the same
in skimmed milk and in infant formula and was not affected by the
presence of BcHP. The growth rate of strain E632 was slower than
that of ATCC 29544T in infant formula, and in skimmedmilk growth
of E632 was not detected without the presence of BcHP. In both
growthmedia, E632 only reached a comparable ﬁnal concentration
to ATCC 29544T when BcHP was present. Additionally, in the
presence of ATCC 29544T, strain Bc14 was not recovered whereas
the growth of strain BcHP was not affected (data not shown).
3.2. Optimization of pre-enrichment medium: inhibition of
Gram-positive organisms
The addition of sterile solutions of vancomycin did not inhibit the
growth of the Enterobacteriaceae at 40 mg L1. Autoclaving vanco-
mycin solutions at 115 C or 121 C for 15 min reduced their activity
against Gram-positive organisms. All BPW-vancomycin preparations
with a ﬁnal concentration equivalent to 10 mg L1 were able to
inhibit the growth of Gram-positive organisms. No reduction in
activity was seen for vancomycin solutions boiled for 30 min when
compared to a ﬁlter-sterilised solution (data not shown).
An increase in OD600nm was not detected for any of the
Gram-positive strains in the presence of an 8-hydroxyquinoline
concentration of 10 mM or above. The effect of 8-hydroxyquinoline
on Enterobacteriaceae strains was variable with most strains unin-
hibited below 100 mM. Strains E540, E604, E617 and E827 were
inhibited between 60 and 80 mM and one strain, E539, showed
growth inhibition at 30 mM (data not shown).
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The growth of the majority of the Staphylococcus and Bacillus
strains was reduced by sodium deoxycholate at 0.1 g L1 with no
growth detected at concentrations>0.3 g L1. The growth of strains
STA241 and STA209 was reduced at 0.3 g L1 and no growth was
detected at concentrations of 0.4 and 0.5 g L1 respectively. The
Enterococcus strains appeared to be unaffected by the sodium
deoxycholate at the concentrations used. Growth occurred for all
of the Enterobacteriaceae at all concentrations of sodium deoxy-
cholate, however, at concentrations 0.2 g L1 strains E540, E632,
E770 and E827 displayed reduced growth with the increase in
OD600nm only reaching 20–40% of the values obtained in BPWalone
(data not shown).
3.3. Optimization of pre-enrichment medium: addition of
ammonium iron(III) citrate
When grown in infant formula and skimmed milk with and
without the additions of 8-hydroxyquinoline and ammonium
iron(III) citrate the ﬁnal CFUml1 obtained for strain ATCC 29544T
was comparable across all experimental conditions. Strain E632
could not be recovered from skimmed milk without the addition of
ammonium iron(III) citrate. Also, strain E539 grew poorly in skim-
med milk supplemented with 8-hydroxyquinoline alone, reaching
only approximately 102 CFUml1. When ammonium iron(III) citrate
was added to skimmed milk along with 8-hydroxyquinoline the
recovery of E632 and E539 improved to ﬁnal CFUml1 concentra-
tions comparable to that obtainedwhen these strains were grown in
infant formula. Strain Bc14 grew better in infant formula than in
skimmed milk reaching concentrations of approximately 108 and
104 CFUml1 respectively in these media. In infant formula no
growth was detected for Bc14 in the presence of 8-hydroxyquino-
line. In skimmed milk no growth was detected in the presence of
8-hydroxyquinoline when ammonium iron(III) citrate was also
present. When supplemented with 8-hydroxyquinoline alone
growth was detected in the presence of 40 and 60 mM but not
100 mM of this compound. The addition of ammonium iron(III)
citrate to infant formula did not appear to affect the recovery of
Enterobacteriaceae strains or to improve their growth (Fig. 1).
3.4. Optimization of pre-enrichment medium: recovery of
desiccated cells
When desiccated cells were rehydrated using BPW supplemented
with 8-hydroxyquinoline and sodiumdeoxycholate either alone or in
combination no Gram-positive strains were recovered. However
thesemedia also failed to recover all of the Enterobacteriaceae strains.
Addition of ammonium iron(III) citrate and/or sodium pyruvate
improved recovery of strains. Rehydration of desiccated cells using
BPW-S (BPW supplemented with 40 mM 8-hydroxyquinoline,
0.5 g L1 ammonium iron(III) citrate, 0.1 g L1 sodium deoxycholate
and 0.1 g L1 sodium pyruvate) was determined to give the best
recovery of Enterobacteriaceaewhile inhibiting the growth of Gram-
positive organisms. All Enterobacteriaceae desiccated in milk were
recovered at105 MPNml1 using this mediumwith themajority of
strains recovered at 108 MPNml1. Recovery of Gram-positive
strains ranged from 103 to 1010 MPNml1 in BPW alone, however,
using BPW-S no Gram positives were recovered at 103 MPNml1
(data not shown).
3.5. Comparison of methods for recovery of Enterobacteriaceae
from artiﬁcially inoculated and naturally contaminated samples
When powdered milk samples were artiﬁcially inoculated with
lyophilised strains and recovered using the different methods, the
BPW-S enrichment method resulted in consistently higher
CFUml1 for the Enterobacteriaceae strains than the ISO 21528 and
shortened methods. The ﬁnal concentration of target cells was
>105 CFUml1 for all of the Enterobacteriaceae strains using BPW-S
Fig. 1. The combined effect of 8-hydroxyquinoline and ammonium iron(III) citrate in milk. A, skimmed milk; B, skimmed milk plus 8-hydroxyquinoline; C, skimmed milk plus
8-hydroxyquinoline and 0.5 g L1 ammonium iron(III) citrate; D, infant formula; E, infant formula plus 8-hydroxyquinoline; F, infant formula plus 8-hydroxyquinoline and 0.5 g L1
ammonium iron(III) citrate. Strains ATCC 29544T, E539 and E 632 are Cronobacter sakazakii; strain Bc14 is Bacillus velezensis.
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with a mean log10 CFUml
1 of 7.5 compared to 6.3, 5.0 and 6.9
mean log10 CFUml
1 for the other methods (Table 2). Using a two-
sample student t-test assuming unequal variances there was
a signiﬁcant difference (P¼ 0.045) between the ISO 21528 and the
BPW-S methods; no signiﬁcant differences were found between
ISO 21528 and the other two methods for this data set of artiﬁcially
contaminated samples.
A total of 291 samples were tested from the 97 food and envi-
ronmental matrices with the three methods (Table 3). Enter-
obacteriaceaewere recovered from 106 samples after enrichment in
BPW-S compared to 91 and 87 positive samples found using ISO
21528 and the shortened procedure respectively, however, using
a two-sample student t-test assuming unequal variances, the
differences between ISO 21528 and the other methods were not
signiﬁcant for this data set of naturally contaminated matrices.
4. Discussion
The family Enterobacteriaceae are useful indicators for veriﬁca-
tion of hygiene processes in food production facilities (Anon.,
2005). A revision to the ISO standard method (21528-1:2004) has
been proposed in which the selective enrichment in EE broth is
omitted and samples pre-enriched in BPW are directly plated on
VRBG agar (Joosten et al., 2008). Non-target organisms present in
the sample may compete with the Enterobacteriaceae during pre-
enrichment. This is of particular concern for milk powders which
often contain thermoduric spores in excess of the levels of Enter-
obacteriaceae (Murphy et al., 1999). This study investigates novel
cost effectivemodiﬁcations, designed to improve ISO 21528-1:2004
for the detection of Enterobacteriaceae.
The Gram-positive rods chosen for this study were isolated from
milk products to ensure representative background organisms were
used as competitive ﬂora during development and assessment of the
method. To provide aworst case scenario, the choice of target strains
was directed to isolates previously shown to be sensitive to selective
agents included in media commonly used for the recovery of
Enterobacteriaceae. Cronobacter spp. (Enterobacter sakazakii) have
been shown to be more sensitive to antibiotics than related Enter-
obacteriaceae (Stock and Wiedemann, 2002) and sensitivity of
several isolates to dyes and/or bile salts has been reported (Joosten
et al., 2008). The interaction between the Gram-positive strains and
the target Enterobacteriaceae appeared complexwith certain Bacillus
strains, such as BcHP, increasing the growth of target strains such as
E632 inmilk powder. Thismay be due tometabolismof themedia by
BcHP, releasing components otherwise unavailable to E632 or to
degradation of inhibitory substances. Growth of all the Bacillus
strains on 1% skimmed milk agar and IFMA agar produced zones of
clearing (data not shown). Bacillus spp. and related genera are
equipped with a wide variety of genes for metabolic and catabolic
processes. They have a range of hydrolytic enzymes that allow them
to use macromolecules such as proteins (Chopra and Mathur, 1984;
El Mayda et al., 1986; Kalogridou-Vassiliadou, 1992), carbohydrates
(Kalogridou-Vassiliadou, 1992) and phospholipids (Drobniewski,
1993; Titball, 1993) as nutrients. Other Gram-positive strains
appeared to inhibit growth of E632, either by competing for nutri-
ents or producing inhibitory compounds. Strain Bc14 was identiﬁed
as Bacillus velezensis, this species has been reported to produce
a high amount of surfactant that has antimicrobial properties (Ruiz-
Garcı´a et al., 2005). A reduced growth rate was evident for E632 in
the presence of the Bc14 ﬁltrate but not that of BcHP. Interestingly, it
was also evident that some Enterobacteriaceae strains, such as ATCC
29544T are able to inhibit the growth of Gram-positive organisms
such as Bc14 (data not shown). The exact nature of the inhibitory
mechanisms was not investigated in this study, it was concluded
that as the composition of background ﬂora is unknown in food
samples the appropriate strategywould be to add components to the
recoverymedium to inhibit the non-target Gram-positive organisms
and also to promote the growth of target strains.
It has been shown that addition of vancomycin hydrochloride at
10 mg L1 during pre-enrichment may increase recovery of Enter-
obacteriaceae (Joosten et al., 2007). The heat stability of vancomycin
hydrochloridewas investigated and although a reduction in activity
was evident after autoclaving at 121 C and 115 C for 15 min, the
Gram-positive strains were inhibited by preparations containing
10 mg L1. However, the cost, and concerns regarding the possible
spread of vancomycin resistance genes (Willems et al., 2005), still
mean viable alternative additives to vancomycin are desirable.
Therefore we investigated the use of 8-hydroxyquinoline and
sodium deoxycholate to inhibit Gram-positive organism during
pre-enrichment of Enterobacteriaceae.
Sodium deoxycholate is the selective agent in bile salts and is
commonly used in culture media for selection of Gram-negative
organisms. The lipophilic nature of the 8-hydroxyquinoline-iron
complex allows it to diffuse through cell membranes, however its
precise mode of anti-bacterial action is as yet unproven. It has been
Table 2
Recovery of lyophilised Enterobacteriaceae from artiﬁcially contaminated milk
powder.
Strain Recovery of Enterobacteriaceae using the different methods
(log10 CFUml
1)
ISO 21528 Short methoda BPW-vancomycinb BPW-Sc
ATCC 12868 6.0 0.0 6.9 8.3
ATCC 29544T 6.3 4.9 4.7 8.6
LMG 23823T 8.0 5.3 6.5 8.4
OCC 2758 6.5 8.0 8.0 8.3
OCC 118 6.9 5.2 8.3 8.8
ATCC 51329T 8.4 6.7 7.5 8.9
E604 6.9 5.8 6.9 7.8
E632 6.4 5.0 7.7 7.1
NCTC 9529 6.3 5.7 5.7 6.7
LMG 23826T 6.4 4.3 6.6 5.1
LMG 23827T 6.9 5.7 5.7 7.2
E934 0.0 2.9 8.3 5.1
Mean log10 6.3 5.0 6.9 7.5
a ISO 21528 without EE broth.
b BPW plus 10 mg L1 vancomycin.
c BPW plus 40 mM 8-hydroxyquinoline plus 0.5 g L1 ammonium iron(III) citrate
plus 0.1 g L1 sodium deoxycholate plus 0.1 g L1 sodium pyruvate.
Table 3
Recovery of endogenous Enterobacteriaceae strains from real samples.
Matrix No of
samples
No. of positive samples
ISO 21528 Short methoda BPW-Sb
Baby foods 15 0 0 0
Cocoa powders 12 6 6 6
Confectionery 9 9 9 9
Environmental samples 45 36 34 39
Flour, starch, semolina, or grain 39 31 30 34
Fruit powders 6 0 0 0
Infant formula products 87 4 2 8
Malt drinks 15 0 0 0
Milk protein 12 2 3 5
Roasted nuts 3 3 3 3
Sugars and syrups 27 0 0 0
Vanilla ﬂavouring 3 0 0 0
Vegetable powders 12 0 0 2
Vitamin/mineral mixes 6 0 0 0
Total 291 91 87 106
a ISO 21528 without EE broth.
b BPW plus 40 mM 8-hydroxyquinoline plus 0.5 g L1 ammonium iron(III) citrate
plus 0.1 g L1 sodium deoxycholate plus 0.1 g L1 sodium pyruvate.
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suggested that 8-hydroxyquinoline transiently inhibits growth of
Escherichia coli by chelating metal cations that are essential for RNA
polymerase to function (Collins et al., 1979). This seems unlikely in
view of the fact that 8-hydroxyquinoline induces expression of
manganese containing superoxide dismutase (MnSOD) in E. coli
(Pugh and Fridovich, 1985). It has been found that exposure to
8-hydroxyquinoline-iron complex caused extreme DNA strand
breakage as well as formation of substantial lipid peroxidation
products in cultured lung cells (Leanderson and Tagesson, 1996).
Iron promotes lipid peroxidation by increasing the formation of
oxygen radicals. Cellular levels of iron in the lung cells were three-
fold higher after exposure to 8-hydroxyquinoline-iron than to other
iron chelates and the cellular concentration of malondialdehyde
(a marker for oxidative stress) increased four-fold. The 8-hydrox-
yquinoline-iron complex may generate superoxide anions and
possibly acts as a chemical nuclease inducing site-speciﬁc breaks by
oxidatively degrading the deoxyribose moiety (Leanderson and
Tagesson, 1996). In this study co-addition of ammonium iron(III)
citrate appeared to be important to facilitate the antimicrobial
action of 8-hydroxyquinoline in skimmed milk powder. Supple-
mentation with ammonium iron(III) citrate also had the dual effect
of improving recovery of some Enterobacteriaceae strains. This may
be due to lack of sufﬁcient free iron in the milk powder, possibly
due to sequestration by lactoferrin. Addition of iron(III) ions may
saturate iron binding proteins in themilk and provide available free
iron for microbial growth. Infant formula powders are routinely
supplemented with iron, usually at a concentration of 4.0–12
mg L1 as is recommended to reduce the prevalence of iron-
deﬁciency anaemia (American Academy of Pediatrics, 1999).
Therefore the addition of ammonium iron(III) citrate to infant
formula was not essential to the antimicrobial action of 8-hydrox-
yquinoline and did not increase the growth of Enterobacteriaceae.
However, the additional iron in BPW-S did not appear to be detri-
mental to growth of Enterobacteriaceae or to the inhibition of Gram-
positive organisms. It can therefore be concluded that a universal
supplementation of BPW with iron can be used for both low and
high iron-containing samples.
A combination of both sodium deoxycholate and 8-hydrox-
yquinoline provided the most effective inhibition of the range of
Gram-positive organisms tested. However, addition of ammonium
iron(III) citrate and sodium pyruvate, which protects desiccation
stressed bacteria from peroxide ions (McDonald et al., 1983), was
necessary to improve recovery of desiccation stressed Enter-
obacteriaceae. The optimal enrichment broth in this study was
determined to be BPW supplemented with 40 mM 8-hydrox-
yquinoline, 0.5 g L1 ammonium iron(III) citrate, 0.1 g L1 sodium
deoxycholate and 0.1 g L1 sodium pyruvate (BPW-S). This medium
gave consistently greater ﬁnal concentrations of target cells when
skimmed milk powder was artiﬁcially contaminated with low
levels of lyophilised Enterobacteriaceae cells. The composition of
pre-enrichment broth is modiﬁed by addition of the sample at
a 1:10 ratio andmatrix componentsmay change the inhibitory (and
growth promoting) properties of the homogenate. However, the
results in Table 3 show that BPW-S seems to be suitable for a variety
of matrices as this method also detected endogenous Enter-
obacteriaceae in signiﬁcantly more samples of the naturally
contaminated food and environmental matrixes tested than did the
ISO 21528-1:2004 or the shortened method.
Improvements to the composition of BPW with a view to inhibi-
tion of competing Gram-positive background ﬂora may potentially
improve recovery of Gram-negative organisms from samples. This
method may have useful application as a pre-enrichment step in
othermicrobiological culturemethods for recovery of Gram-negative
pathogens, such as Salmonella and Cronobacter, as well as indicator
organisms.
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